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Abstract
Background: Evaluation of mosquito responses towards different trap-bait combinations in field
trials is a time-consuming process that can be shortened by experiments in contained semi-field
systems. Possible use of the BG Sentinel (BGS) trap to sample Anopheles gambiae s.s. was evaluated.
The efficiency of this trap was compared with that of the Mosquito Magnet-X (MM-X) trap, when
baited with foot odour alone or combinations of foot odour with carbon dioxide (CO2) or
lemongrass as behaviour-modifying cues.
Methods: Female An. gambiae s.s. were released in an experimental flight arena that was placed in
a semi-field system and left overnight. Catch rates for the MM-X and BGS traps were recorded.
Data were analysed by fitting a generalized linear model to the (n+1) transformed catches.
Results: Both types of traps successfully captured mosquitoes with all odour cues used. When the
BGS trap was tested against the MM-X trap in a choice assay with foot odour as bait, the BGS trap
caught about three times as many mosquitoes as the MM-X trap (P = 0.002). Adding CO2 (500 ml/
min) to foot odour increased the number of mosquitoes caught by 268% for the MM-X (P < 0.001)
and 34% (P = 0.051) for the BGS trap, compared to foot odour alone. When lemongrass leaves
were added to foot odour, mosquito catches were reduced by 39% (BGS, P < 0.001) and 38% (MM-
X, P = 0.353), respectively.
Conclusion: The BGS trap shows high potential for field trials due to its simple construction and
high catch rate when baited with human foot odour only. However, for rapid screening of different
baits in a contained semi-field system, the superior discriminatory power of the MM-X trap is
advantageous.
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Due to the role of mosquitoes in disease transmission and
their impact on human well-being through their biting
behaviour, both commercial and scientific interest exists
for efficient trapping devices. During the last century, a
number of different mosquito traps and collection meth-
ods were developed (reviewed by [1] and [2]). Recently,
variations of the CDC light trap [3], the OBET [4,5] and
Mbita trap [6-8], electric nets [9] and different traps featur-
ing counterflow geometry [10-14], have been used to eval-
uate the attractiveness of various complex host odours,
individual volatile organic compounds, or mixtures
thereof.
While full body odour was often successfully used to
attract mosquitoes [15-17], synthetic baits were devel-
oped to improve ease of use and to allow standardizing
the attractant. As mosquito host-seeking behaviour is gov-
erned by semiochemicals, baits can contain a number of
chemical attractants, e.g. 1-octen-3-ol, lactic acid, ammo-
nia, [13,18,19] and means to increase humidity and tem-
perature.
For Anopheles gambiae sensu stricto (henceforth termed An.
gambiae), there is currently no combination of trapping
device and bait available that can successfully compete
with the human landing catch (HLC) as the standard
method for population surveillance in the field [20]. Due
to the possible exposure of field workers to infectious
mosquito bites, cost, and tediousness of the HLC, this
method poses both ethical and logistical problems
(reviewed by [2]).
Recently, it was shown that rapid testing of candidate
odour baits is possible in semi-field systems [21,22]. The
partly controlled environment helps to yield statistically
powerful results quickly in advance of full field evalua-
tion, and it increases the potential to characterize mos-
quito responses to traps.
While there is no consensus on the exact role of CO2 in the
behaviour of An. gambiae sensu lato, this compound is fre-
quently used in trapping systems [16,17,23]. Anopheles
gambiae responds strongly to combinations of human
odour and CO2 [15] or human foot odour and CO2
[21,24]. This robust synergistic effect makes CO2 an
important constituent of odour mixtures, although the
practical value is limited due to technical and logistical
problems under rural conditions [16].
Plant-derived essential oils can be used as mosquito repel-
lents [25,26]. The repellency of plants themselves was sur-
veyed during ethnobotanical studies in western Kenya by
Seyoum et al [27], where traditional usage included direct
burning of plant material and placement of repellent
plants within houses. Initial experiments were conducted
under semi-field conditions and later confirmed in field
studies, where both potted plants and direct burning of
Corymbia citriodora, Ocimum kilimandscharicum and Oci-
mum suave had a repellent effect. Using the latter method,
the effect was comparable to commercial mosquito coils.
In this study, the trapping efficiency of two counterflow
trap designs, the MM-X and BGS, was evaluated under
semi-field conditions in Ifakara, Tanzania. Experimental
baits included human foot odour and combinations of
human foot odour with either carbon dioxide or lemon-
grass leaves.
Methods
Mosquitoes
Anopheles gambiae mosquitoes from an insectary colony
maintained in Ifakara were used. This colony originates
from Njage village, 80 km from Ifakara and has been
reared under laboratory conditions since 1996. Eggs were
collected on moist filter paper and transferred to trays for
larval development. Larvae were kept at a density of about
500 individuals per tray in tap water and fed on Tetramin®
fish food. Room temperature was regulated to 30–32°C
by an electric heating element. Pupae were collected daily
and transferred to gauze-covered cages (30 × 30 × 30 cm)
for hatching in a separate room (28–30°C, ca. 70% rela-
tive humidity). Adults were fed on 10% glucose solution,
offered by placing soaked cotton wool on top of the cage.
Blood feeding was done on the forearm of a human vol-
unteer for 10 minutes 3, 7 and 10 days after emergence.
For all experiments, 200 unfed 2–5-day-old females were
used. These were transferred into a small release cage (20
× 15 × 20 cm) 6 h prior to the experiments and only
offered tap water from soaked cotton wool until the time
of release.
Experimental set-up
A flight arena was constructed from locally available
material. Eleven cubes (182 × 190 × 164 cm) were built
from steel rods (Ø10 mm), painted and covered with a
double layer of bednets and then sewn to a floor made of
white cotton cloth. The experimental flight arena con-
sisted of 10 of these elements, resulting in a total length of
18.3 m. One element was connected centrally to the side
of the flight arena and used as an entrance chamber (Fig-
ures 1A and 1B). Two double-layer curtains sealed the
entrance; the innermost layer consisted of white cloth, the
other three curtains of heavy black cloth. The flight arena
was placed diagonally in a 9.6 × 21 m large experimental
compartment with a height ranging from 4 to 7 m. The
floor consisted of a 35 cm thick layer of sand and earth on
a concrete base. This compartment is part of a semi-fieldPage 2 of 9
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and Development Centre [28].
Temperature in the flight arena ranged from 22.1°C to
29.1°C (average 25.9°C, N = 64) at 7 pm, and from
17.4°C to 24.4°C (average 20.8°C, N = 64 nights) at 7
am. Relative humidity varied between 41.0% and 81.3%
(average 59.2%) at 7 pm and between 60.0% and 86.4%
(average 74.4%) at 7 am (measured with a TinyTag Ultra
data logger, model TGU-1500, INTAB Benelux, Cuijk, The
Netherlands).
Traps
Traps were placed in the middle of the first and last seg-
ments, resulting in a distance of 16.5 m between them.
Mosquito Magnet-X traps (MM-X, American Biophysics
Corporation, modified as in [17], Figure 1D) were sus-
pended from the top of the flight arena, with the odour
outlet 15 cm above ground level. The bullet-shaped car-
tridge within the lower end of the odour outlet tube was
removed in all experiments except when testing foot
odour against clean socks when these were placed inside
the cartridge.
The Sentinel traps (BGS, Biogents GmbH, Regensburg,
Germany, Figure 1C) were placed below ground level,
thereby also positioning the opening of this trap 15 cm
above ground level. When no BGS was used, the opening
in the ground was sealed with a wooden cover and white
cloth. Both trap systems were connected to 12V car batter-
ies, placed 3 m outside of the flight arena.
Cleaning procedures were adapted for both trap types.
Ethanol (70%, Kas Medics, Tanzania) was used to clean
all surfaces of the BGS trap and the odour outlet tube of
the MM-X trap on a daily basis. Water and perfume-free
Experimental set-upFigu e 1
Experimental set-up. A: Panoramic photograph of the behavioural arena. B: Top and side view of the behavioural arena, 
showing exemplary placement of two BG Sentinel traps (black circle) and the position of the mosquito release cage (marked 
with X). C: The BG Sentinel trap, in the lowered position. D: The modified Mosquito Magnet-X trap, as used in the experi-
ments.
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lands) were used to clean the traps when the treatment
was changed.
Experimental procedures
Two hundred female mosquitoes were released each night
in the centre of the flight arena at 19.00. At 07.00 the fol-
lowing morning, both traps were collected from the flight
arena. Mosquitoes were killed by either placing the whole
trap (MM-X) or the catching bag (BGS) in the sun and
counted afterwards. Mosquitoes not caught during the
night were left in the flight arena, where they died from
exposure to sunlight during the day.
Treatments were tested for six consecutive nights, except
the bait combinations foot odour with lemongrass or
CO2, which were tested during four nights. During the
experiments with unbaited traps and the direct compari-
son of a BGS against a MM-X trap, trap positions were ran-
domized. For all other experiments, treatment positions
were randomized each night to avoid positional effects.
Odour cues
Foot odour was collected on nylon socks, worn for 12
hours by WHS prior to each experiment (07.00 to 19.00).
For each experimental night, a recently-worn sock was
used; a clean sock served as the control. In the MM-X trap,
the sock was placed flat against the inside of the black cen-
tral tube, thereby not obstructing the airflow. Further
details and photos are shown in [12] and [21]. In the BGS
trap, the sock was placed flat on a plastic bag and fixed to
an aluminium dish (Ø 20 cm) at the bottom of the trap.
Carbon dioxide (Tanzania Oxygen Company, Tanzania)
was available in pressurized gas cylinders and these were
placed outside the flight arena. The gas flow was regulated
by a manual flowmeter (Brooks Instruments, Veenendaal,
The Netherlands) to 500 ml/min and supplied to the traps
through silicone tubing (Ø 7 mm; Rubber B.V., Hilver-
sum, The Netherlands). For the MM-X trap, the pre-
installed plug was used to release the gas directly into the
odour outlet. For the BGS trap the end of the tube was
placed within the trap, fixed to the upper outer rim, point-
ing upwards.
Leaves of lemongrass (Cymbopogon cf. citratus – voucher:
Smallegange 2 (WAG)) were collected 30 minutes prior to
the experiments from potted plants received from north-
western Tanzania. The plants were grown in a semi-shad-
owed place and watered daily. One gram of plant material
was collected, cut into 5 cm long pieces, thoroughly
bruised and placed within a worn sock. Care was taken to
avoid unnecessarily blocking the air flow. Similarly
treated grass leaves (Stenotaphrum secundatum – voucher:
Smallegange 1 (WAG)), served as a control.
Data analysis
All experiments were set up as binary choice tests. Catches
were (n+1) transformed and analysed by logistic binary
regression. By fitting the parameters position, experimen-
tal night and treatment to a generalized linear model of
the form y = β0 + β1x1 + β2x2 the influence of the treatment
was estimated [29]. All statistical analyses were done
using SPSS version 11.5 (SPSS Inc., Chicago IL).
Results
Foot odour
Even in the absence of odour baits, mosquitoes were
caught by both traps. While the average number of mos-
quitoes caught (± SD) in an unbaited MM-X trap was 6 ±
4, the unbaited BGS trap caught 41 ± 16 mosquitoes per
night (Table 1). In both experiments, no significant differ-
ences could be found between the two individual MM-X
(P = 0.36) or BGS (P = 0.36) traps.
During initial experiments with the MM-X traps, socks
worn for 12 hrs were placed loosely rolled in the bullet-
shaped cartridge mounted in the odour outlet tube (Table
2). Over six nights, the average response with this set-up
was 16 ± 4 for foot odour and 7 ± 2 for the control (P =
0.04). In all following experiments, the cartridge was
removed and the socks were directly exposed to the air-
flow, by hanging them flat against the wall of the central
tube. Thus MM-X traps baited with a worn sock caught 63
± 17 mosquitoes compared to 5 ± 3 with a clean sock (P <
0.001). A similarly baited BGS trap caught 150 ± 22 mos-
quitoes compared to 26 ± 9 in the control trap (P < 0.001,
Table 1).
In order to make a direct comparison between the two
trapping systems, both trap types were baited with a worn
nylon sock and tested for six nights (Figure 2). In line with
the other data shown, the BGS trap (77 ± 25) caught on
average about three times (P = 0.002) as many mosqui-
toes as the MM-X trap (24 ± 7).
Odour combinations
Combinations of foot odour and 500 ml/min CO2
increased catches over foot odour alone in both types of
traps, although this increase was not significant for the
BGS trap. In the MM-X trap, on average 81 ± 23 mosqui-
toes responded to the combination with CO2, compared
to 22 ± 4 to foot odour alone (P < 0.001). For the BGS
trap, the combined bait led to the capture of 94 ± 14 mos-
quitoes versus 70 ± 12 with foot odour only (P = 0.051,
Table 3).
The addition of lemongrass to worn nylon socks led to a
reduced catch rate in both trap types, although the result
was only significant for the BGS trap. Here, the combina-
tion of foot odour and lemongrass caught 49 ± 18 mos-Page 4 of 9
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0.001). When lemongrass leaves were added to a worn
sock in a MM-X trap, 26 ± 9 mosquitoes were caught com-
pared to 42 ± 7 for a worn sock only (P = 0.35, Table 3).
Discussion
Trap operation
Semi-field systems have already been suggested for high-
throughput screening of candidate kairomones before
[21,22]. Here it was shown that such systems can also be
used to evaluate the trapping efficiency of two different
counterflow traps.
The MM-X has been successfully used to capture anophe-
lines in semi-field and field studies [11,17,21,23], while
the BGS has mainly been developed for the collection of
Aedes aegypti mosquitoes [13,14,30-32]. The BGS's col-
lapsible, robust construction and its low weight make it
highly portable and therefore more inviting for mosquito
collections in the field compared to the MM-X. One nota-
ble feature of the BGS trap is its collection bag, which
holds all trapped insects. It can be quickly replaced, and
thereby offers the possibility to empty and restart a trap
without the need of killing the catch on site.
During initial trials, the baited BGS trap was placed on the
ground with the car batteries inside the flight arena. While
this set-up successfully caught Ae. aegypti mosquitoes in
the field [13,14], few An. gambiae females were found in
the trap when baited with a worn sock (on average 29 ±
16, N = 2 nights). A surprisingly large number of mosqui-
toes was found resting and circling around the trap during
the morning. After lowering the air intake relative to
ground level by placing the trap in a pit, catch rates
increased to the levels reported above. If similar behav-
iour is observed during field studies, this could restrict the
usefulness of the trap in urban or rocky environments,
when the trap cannot simply be placed below ground
level.
Table 1: Competitive testing of two BGS or MM-X traps during 6 trap nights each, 200 An. gambiae s.s. females released per night. 
Expt. A Day BGS unbaited BGS unbaited MM-X unbaited MM-X unbaited
1 62 43 10 5
2 61 45 5 3
3 31 33 12 12
4 35 34 9 7
5 43 11 2 0
6 67 26 0 2
Position exp(B) = 0.365, P < 0.001 exp(B) = 1.137, P = 0.786
Treatment exp(B) = 0.784, P = 0.358 exp(B) = 2.907, P = 0.358
Expt. B Day BGS foot odour BGS clean sock MM-X foot odour MM-X clean sock
1 165 18 92 9
2 170 14 61 5
3 119 39 60 3
4 172 21 55 2
5 130 32 70 3
6 145 29 41 7
Position exp(B) = 5.387, P < 0.001 exp(B) = 0.568, P = 0.348
Treatment exp(B) = 0.135, P < 0.001 exp(B) = 0.206, P < 0.001
A: Two unbaited traps, B: One trap baited with foot odour (worn nylon sock), one trap with a clean sock.
Table 2: Competitive testing of two MM-X traps during 6 nights, one trap baited with foot odour (worn nylon sock in a bullet-shaped 
cartridge in the central tube), one trap with a clean sock. 
Day MM-X foot odour cartridge MM-X clean sock cartridge
1 12 5
2 21 9
3 22 4
4 15 10
5 15 5
6 13 6
Position exp(B) = 2.444, P = 0.030
Treatment exp(B) = 0.361, P = 0.040
Each night 200 An. gambiae s.s. females were released.Page 5 of 9
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remained very high. Cleaning the traps with ethanol,
water or perfume-free soap did not reduce the effect. It is
thought that random dispersal effects or visual cues are
the main reason for this observation. Pilot experiments in
which the black air intake of one trap was covered by
white paper suggest that mosquitoes respond stronger to
a trap with a high-contrast trap entry. Due to the narrow
construction of the flight arena, the larger radius of action
of the suction capacity of the fan of the BGS trap com-
pared to the MM-X trap (M. Geier, personal communica-
tion) might also facilitate trapping of not specifically
attracted mosquitoes flying into the vicinity of the air
intake. In addition, Biogents GmbH reports that the com-
bination of the so-called 'forced upwards convection'
(mimicking the convection currents created by the human
Competitive trap tests with foot odourFigur  2
Competitive trap tests with foot odour. Mosquito catches of a BGS (black bars) and a MM-X (grey bars) trap running 
competitively for 6 nights. Both traps were baited with foot odour (nylon sock worn for 12 h by WHS), 200 An. gambiae s.s. 
females released per night.
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Table 3: Competitive testing of two BGS or MM-X traps baited with A: foot odour (worn nylon sock in central tube) + CO2 (500 ml/
min) or B: foot odour + lemongrass (1 g brushed leaves) during 4 nights each, 200 An. gambiae s.s. females released per night.
Expt. A Day BGS foot odour + CO2 BGS foot odour MM-X foot odour + CO2 MM-X foot odour
1 109 64 102 22
2 100 84 98 16
3 77 57 58 25
4 90 75 64 24
Position exp(B) = 1.409, P = 0.032 exp(B) = 0.701, P = 0.218
Treatment exp(B) = 0.714, P = 0.051 exp(B) = 0.422, P < 0.001
Expt. B Day BGS foot odour + lemongrass BGS foot odour + grass MM-X foot odour + lemongrass MM-X foot odour + grass
1 72 78 14 34
2 37 65 34 50
3 53 68 33 40
4 32 108 24 42
Position exp(B) = 0.488, P < 0.001 exp(B) = 2.380, P < 0.01
Treatment exp(B) = 5.877, P < 0.001 exp(B) = 1.283, P = 0.353Page 6 of 9
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trap superior compared to other traps when it comes to
numbers of mosquitoes trapped (M. Geier, personal com-
munication).
Odour cues
The use of human foot odour collected on worn socks as
a base attractant was chosen due to its known strong effect
on An. gambiae females under laboratory [33,34], semi-
field [21] and field conditions (S. Moore and M. Jawara,
personal communication). The response level observed
here is consistent with data reported for the MM-X trap
under semi-field conditions by Njiru et al [21]. In all
experiments with foot odour alone, however, the BGS trap
achieved the highest catch rates.
The exact role of CO2in An. gambiae host-seeking behav-
iour remains unclear at present [16], although both our
data and recent results by Njiru et al [21] and Spitzen et al
[24] suggest a synergistic effect with human skin odours
for host-seeking females. Despite the problems of using
CO2 under field conditions, for example by the need of
heavy gas tanks which need to be replaced frequently, it is
widely used in different trap designs [2].
While the application of CO2 is straightforward with the
MM-X trap, due to pre-installed plug connections, no sim-
ilar mechanism was available for the BGS trap when we
conducted our experiments. Releasing CO2 by simply
pumping the gas (500 ml/min) to the bottom of the trap
did not lead to increased catch rates as observed with the
MM-X trap. As the release area of the odours is larger for
BGS traps, this might be due to dilution effects. In addi-
tion, the effect of CO2 might be decreased when it is
diluted by a convection like current instead of being
released as a turbulent plume [24]. By releasing the gas at
the outer rim of the trap, a non-significant increase could
be observed, although at a lower level compared to the
MM-X trap. Further experiments should focus on different
positions of the gas valve and, possibly, varying the quan-
tity of CO2.
Studies on the repellency of plant-derived essential oils
[35-39], plant material [27,40] or potted plants [41] were
published recently. Oil from C. citratus has been shown to
have larvicidal activity against Ae. aegypti [42] and a repel-
lent effect on Ae. aegypti, Mansonia spp. and An. darlingi
[35,43]. While citronella oil, predominantly derived from
C. nardus or C. citratus [44], is widely used in commercial
insect repellents [45], lemongrass is one of several plant
species currently planted in refugee camps in northern
Tanzania and thought to repel mosquitoes and thereby
lower the risk of mosquito-borne diseases. The experi-
ments performed here show a reduced catch rate of 39%
in the BGS trap, when offering leaves of lemon grass in
combination with foot odour compared to foot odour
alone. With the MM-X trap a similar catch reduction (of
37%) was observed, although this was not significant. It is
possible that a higher quantity of lemongrass would have
shown a larger effect with both trap types. First and fore-
most, our results show the possibility to evaluate samples
of plant material and putative repellent compounds in the
described system. It also appears to be worthwhile to fur-
ther explore the potential and optimal application strat-
egy of lemongrass as a repellent for An. gambiae. When
testing repellent plant material with mosquito traps, the
limiting factor is the required number of mosquitoes
caught to achieve significant results. This implies the
usage of the strongest available bait in combination with
a trap design able to offer high discriminatory power
within a contained system.
Conclusion
Within the described set-up, the two different counter-
flow traps demonstrated markedly distinct results. The
BGS trap showed a consistently higher catching efficiency
for An. gambiae than the MM-X trap, especially when using
human odours or no bait at all. While this behaviour
might be attributed to the characteristics of the specific
behavioural arena, it also suggests that the BGS trap may
operate very well under field conditions, even without
additional CO2 if necessary. The robust construction and
the high portability further recommend the BGS trap for
field trials as a sampling tool for An. gambiae.
The results with combined baits demonstrate that the
semi-field system used in our experiments can be used for
rapid screening of both synthetic and natural odour baits.
For this purpose, the higher discriminatory power of the
MM-X trap appears advantageous.
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